Two methods for hotspot generation using multiple sources, known as time-delay (TD) method and maximum-control-gain (MCG) method are investigated in the two typical acoustical fields, namely, the free field and a rectangular room. Based on the theoretical analysis and simulations, strategies are developed according to the sound field where the target region is defined. In the free field, the MCG method can be used if the performance in terms of control gain is the priority for an optimal control, whereas the TD method is more preferable if the simplicity of implementation is the first consideration. In a room environment, if a target region is defined in the near field where the direct sound dominates, the TD method is still effective. However, in the far field where the reverberant sound prevails, only the MCG method is applicable. The near field/far field can be roughly separated according to the critical distance from the sources in the room.
Introduction
Contrary to the noise control for generating a quiet zone [1] , [2] , and different with sound equalization for producing a zone of equalization [3] , acoustical-hotspot generation aims to yield a spatial region that has a higher acoustical energy than its neighboring region by using multiple sources. It is useful in many cases. For example, in a big recreation center we may want to generate a desired listening area for music delivery; or we may wish to transmit personal message to a certain area in a public hall. Two methods are discussed in this paper. One is the classical time-delay (TD) method [4] , which is realized by emitting the same signal on the sources with different delays corresponding to the differences of the sound traveling time from the sources to the target region. The other is the maximum-control gain (MCG) method, which is based on analyzing the control gain function defined as the ratio of the output energy (squared pressure) in the target region to the input power (squared source strength) of the array [5] , [6] . The MCG method is a more recent method and was introduced in free field. In this paper, it is extended to a room environment. Each of the two methods has its own advantages. The TD method is sim- † † The author is with Nanyang Technological University, Singapore. The author is also with Institute of Acoustics, Chinese Academy of Sciences, Beijing, China.
a) E-mail: j yang@ieee.org DOI: 10.1093/ietfec/e88-a. 7.1739 ple for realization. In contrast, the MCG method is more complicated, which uses eigenvalue decomposition to calculate the desired source strength vector. However, the MCG method is an optimum method that is able to offer a better performance than the TD method in terms of higher control gain. It is theoretically proven that when the two methods are used to generate a hot-point in free field, the solution by MCG method is actually a multiplication of the TD solution with an amplitude modulation. Accordingly, the control gain by the MCG method is always higher than that by the TD method. The choice of using the methods is largely depend on the acoustical field where the sources and the target region are located. In the free space, the sound field is determined by the direct sound from the sources. Simulations show that for a given configuration of source array and target region, MCG method is more powerful to create a hotpoint in the near field, and the performances of the two methods are quite close in the far field, although a slightly better performance can be achieved by the MCG method. Since the difference of the performances is small in the far field, the TD method is more preferable to be used in free space, due to its low computational cost and simplicity for realization.
In an indoor environment, such as a rectangular room, the sound field becomes much more complicated than the free space due to the existence of reverberant sound. The room response changes with the source locations [7] , [8] , and the sound field can be further separated into the near field and far field by the critical distance [9] . Then in the near field the direct sound dominates, whereas in the far field the reverberant sound prevails. As a result, the TD method is still applicable in near field, but no longer effective in the far field. In contrast, the MCG method can be applied in both cases. Therefore, in the far field the MCG method should be used.
The rest part of this paper is organized as follows. In Sect. 2, the strategies are introduced and compared in the free field. In Sect. 3, the methods are discussed in the cases of near field and far field in a rectangular room. Finally, conclusions are given in Sect. 4.
Hotspot Generation in Free Field

Time Delay (TD) Method
In the case of target region is a point, TD method basically requires the input strength of each source to be delayed in such a way that the pressures by each of the sources in the target point have the same phase, and consequently the overall pressure is enhanced at the greatest extend. Suppose there are a total of N sources, and the first source is select as the reference. The time delays applied to the each sources are τ 1 , τ 2 , τ 3 ,. . . ,τ N , respectively (τ 1 = 0). τ i can be calculated by
wherec is the sound speed. r i is the distance from the ith source to the target point as illustrated in Fig. 1 . The complex strength of the ith source can be shown by
where q 0 is the amplitude of the source strength. Thus the unit-power (q 
which is the TD solution for "hot-point" generation. When q T D is applied to the array, the complex sound pressure at the target point can be calculated by
where G is the transfer function vector (1×N) from the ith source to the target point and G(r i ) can be given by the Green's function in free field as
where ρ 0 is the air density. The output energy can be shown by the squared pressure as
In the case of target region is a spot, the problem can be approximately solved by finding out a virtual target point on the sound projection path, which is extended in the direction from the source array to the target region, as if the system is expected to deliver sound in one virtual point as illustrated in Fig. 2 . The points O 1 and O 2 are respectively the orthocenters of the array and the target region. Then the TD solution shown in Eq. (3) can be applied. It should be noted that, the scheme can be used to achieve a target pressure in the target region with other shapes than a circle.
The position of the virtual target point can be obtained by
where S 1 and S 2 are the areas of the array and the target region, respectively. It is noted that the solution above is not an optimum solution but an approximate method. In other words, the hot spot generated may not be the "hottest" that it can be. However, taking into account the simplicity of implementation, the TD method is attractive in real applications.
Maximum Control Gain Method
To maximize the acoustic energy in a target region using a multiple-source array is equivalent to maximizing the control gain, which is defined as the ratio of the output energy in the target region, E out to the input power of the array, E in . Suppose a number of N sources are used, and the target region is sampled by M measuring points. The gain function can be given by [5] , [6] 
where q is source strength vector, and G is an M×N matrix of the transfer functions. The gain function presented in Eq. (7) is in the form of Rayleigh Quotient [10] . Thus, the maximum eigenvalue of G H G is the maximum gaing max , and the associated eigenvector q o can be used as the optimum source strength vector for hotspot generation. Conventionally, the eigenvalue decomposition (EVD) is used to calculate q o .The unit-power solution (q H MCG q MCG = 1) can be given by
It is noted that the MCG method is applicable to either case of a point or a spot target.
Theoretical Comparison of the Two Methods
This section aims to find out the theoretical connections between the two methods. An analytical solution to q MCG can be obtained when the target region is a point. In this case, the transfer function matrix G becomes an N×1 vector. Thus the rank of the Hermitian matrix G H G (N ×N) is 1. 
. . .
where q T D is the TD solution as shown in Eq. (3). Matrix A is only related to the values of r 1 , r 2 , . . . , r N , and has nothing to do with ω, which implies that A determines the amplitudes of the source strengths, and can be regarded as an amplitude modulation. Therefore, the MCG solution is actually the combination of TD solution q T D with an amplitude modulation. Furthermore, a ratio of η = E MCG /E T D can be defined to indicate the relative efficiency of q MCG and q T D , which can be computed by
By applying Eq. (3) and Eq. (9), it can be obtained that
According to the Cauchy inequality, η ≥ 1, and η = 1 is hold only when r 1 = r 2 = ... = r n . Therefore, it has been proven that the MCG always has a better performance than TD method, and only when r 1 = r 2 = ... = r n the two methods have the same performance.
Simulations
In this section, two simulations are carried out to evaluate the performances of the two methods. The configurations are shown in Fig. 3 . Simulation I is used for the case of a point target as depicted in Fig. 3(a) , which corresponds the sound column system. The linear array has N=20 sources, the target point is at P(−1.5, D) and the measuring line is parallel to x-axis and covers point P. Simulation II is used for the case of a circular-hotspot generation. The 2-dimension circular array has N=25 sources evenly distributed on each line of the array as depicted in Fig. 3(b) . The centers of the circular array and target are at O 1 (0, 0, 0) and O 2 (0, 0, D), respectively. r 1 = 0.52m, r 2 = 0.2m, and the measuring plane and line are parallel to x-and y-axis and cover the target region. In each simulation, the excitation frequency is at f =1000 Hz, sound speed is c = 344 m/s, and the wave length is λ = c/ f , the two methods are compared for the generation of hotpoint/spot in the far field (D=2m) and near field (D=0.3m).
Simulation I: Point Target
The resulted sound pressure levels (SPLs) on the measuring line is shown in Fig. 4 . As the target point P is defined in the far field with D=2m, the two methods have quite similar performances for an acoustical-hotpoint generation, although a slight lower SPLs as depicted in Fig. 4 (a) could be obtained in the neighboring region (sidelobes) by using MCG method. The reason can be explained here. In the case of far field, the distances from the sources to the target zone are much larger than the dimensions of the source array so that the distance effect on the hotpoint creation is not significant. Thus, it is derived from Eq. (11) that similar performances are achieved by the use of the two methods.
As the target point P is defined in the near field with D=0.3m, the MCG method is slightly superior to the TD method. It is noted from the SPL curves in Fig. 4(b) , the peak SPL by using MCG method is about 2 dB higher than that by using TD method. Moreover, the sidelobe SPLs are much attenuated compared with TD method. However, considering the factors for the practical application in free space, e.g., the target region is located at far field, a simple algorithm is emphasized for easy implementation of the system, and the difference of the performances is small even in the near field etc, the TD method is preferable to be adopted in respect of its computational cost and simplicity for realization. 
Simulation II: Circular Target Region
Based on the configuration in Fig. 3(b) , the MCG and TD methods are evaluated for the hotspot generation in the far field (D=2m) and near field (D=0.3m). respectively. The simulation results are shown in Figs. 5-8. In the case of far field, the similar SPL patterns on the measuring plane by using the two methods are depicted in Figs. 5(a) and (b). The target region is highlighted by a circle in the created hotspot. Obviously, the bright zone is larger than the desired area, since the outer sources are sparsely arranged in the array and the circular target is in the far field so that the enhanced sound pressure could not be focused on the desired area. For a clear illustration, the SPL distributions on the measuring line are shown in Fig. 6 . It can be seen that the half-power (3 dB) points of the mainlobe are located on the circumference with radius of 0.35m, and all the SPL differences within the circle zone of radius 0.5m are less than 6 dB. It leads to a wider bright area drawn in each 2-dimension pattern.
In the case of near field, a slight higher mainlobe with lower sidelobes is achieved by MCG method as shown in Figs. 7 and 8. This is similar to that given in Simulation I. The relative efficiencies of the two methods for different configurations are compared in Table 1 . η is the ratio of the output energies in the target region given by Eq. (11), which increases with the decrease of the distance from the target region to source array. However, the resulted sound pressures in the hotpoint/spot using MCG method are not much larger than those by TD method. As shown in Table 1 , the SPL only increases 0.17 dB in the far field and 2.5 dB in the near field by the use of MCG method. It should be noted that ∆P is the difference of the two peak SPLs by the two methods in Simulation I. For Simulation II, ∆P denotes the difference of the two average SPLs in the target region. The simulation results indicate that the two methods provide similar performance to create hotspot in free space, although the MCG method is slightly better.
Hotspot Generation in a Rectangular Room
Compared with the free space, the sound field in a rectangular room is much more complicated due to the existence of the reverberant sound. The strategy for hotspot generation should be changed accordingly. In this section the room acoustic is briefly introduced, and then the methods for hotspot generation is presented, followed by simulations and discussions.
Room Acoustics for Simple Sources
In a rectangular room the transfer function from a simple source to a measuring point in a rectangular room can be given by the Green's function as [7] G( r l , r 0 )
where L x , L y and L z are the length, width and height of the room, respectively.
is the location of the observe point, r 0 = (x 0 , y 0 , z 0 ) is the location of the point source, k = ω/c is wave number, n = (n x , n y , n z ) represents three nonnegative integers, and δ n is the damping constant. The eigenvalues is computed by
By applying the transfer function, the sound pressure at point r l produced by a simple source at r 0 can be calculated by
where q is the source strength. For an N-source array with source strength vector q, the sound pressures on the M measuring points in a spatial region can be calculated by P=Gq, where G is the M × N transfer function matrix.
Hotspot Generation Method
The MCG method for hotspot generation in a room is basically the same with that in free field. The different work is to construct the control gain function g(q) (defined in Eq. (7)) by using the transfer function matrix G in a room. Then the optimum source strength vector can be obtained by q MCG = q o / q o , where q o can be calculated by eigenvalue decomposition of G H G. It is noted that the TD method is usually under the assumption of a free field or a field dominated by the direct sound. Therefore, if the target region is defined within the near field where the sound field is more determined by the direct sound than by the reverberant sound, the TD method may still be effective. However, in the far field where the reverberant sound is stronger than the direct sound, the assumption of the TD method cannot be satisfied, and thus it is no longer practical. In contrast, MCG method is free of the assumption, because the derivation of q max is on the basis of the transfer function of a sound field instead of the differences of the sound traveling distances of the sources. Therefore, the MCG method is applicable to both the near field and far field, if only the transfer function is known.
The far field and near field in a room regarding the hotspot generation problem can be divided by the critical distance (also called reverberation distance), defined as a distance from the source where the energy densities of the direct sound and reverberant sound are same. The critical distance can be roughly estimated by [9] 
where V is the volume of the room, and T is the reverberation time. Then in the region where r < r h , the direct sound prevails; whereas in the place with r > r h , the reverberant sound dominates.
Simulations and Discussion
In this section, the performances of the MCG method and the TD method are compared by two simulations in a rectangular room for near field and far field cases, respectively. The system configuration is illustrated in Fig. 9 . The 13-point-source array is used to generate a hotspot in the circular target region. Assuming the damping constant δ n = 10, the reverberation time T =0.7s, and the center of the source array formed by three evenly distributed line arrays is located at O 1 (1.5m, 2.25m, 1.5m). On each of the line arrays, 5 sources are arranged at the same interval of 0.17m. The excitation frequency is at 500 Hz. Based on the given configuration, a critical distance r h = 0.61m was determined by using Eq. (14). The circular target region is located at O 2 (1.5 m, 2.25 m, D + 1.5 m). In Simulation I, the target region is set to D = 2.5m (D > r h ) away from the array, representing a far field case, whereas it is set to D = 0.5m away for the case of near field (D < r h ) in Simulation II. In both simulations, a 2-dimension SPL pattern are simulated on the square measuring plane (2 × 2m 2 ) as shown in Fig. 9 , and then the SPLs over the measuring line, which is parallel to x-axis with a 2m length, are calculated and illustrated for the convenience of comparing the performances of the two methods.
Far Field Simulation
The SPL patterns by the two methods are shown in Figs. 10(a) and (b) , respectively. The target region is highlighted by the circle. The circular target region is bright in Fig. 10(a) with an average SPL of −0.48 dB, but dark in Table 2 , which means the MCG method is able to focus the acoustical energy in the target region, whereas the TD method failed to fulfill the task. Figure 11 shows the SPL distributions on the measuring line by two curves. The peak of the curve by MCG method occurs around x=1.5m where the target region is located. However, a valley is shown by the TD method, with a 7.70 dB difference from the peak to the valley. These results imply that the MCG method is effective in hotspot generation in the far field, whereas the TD method is not applicable.
Near Field Simulation
The SPL patterns by the two methods are shown in Figs. 12(a) and (b) , respectively. The two patterns are similar, and in each of them a hotspot is generated. The SPL distributions on the measuring line are shown in Fig. 13 . As shown in the figure, a peak occurs around x=1.5m on both of the curves and the SPL difference of the two peaks is only about 1.37 dB, although the peak by MCG method is slightly higher. These results imply that the TD method is still applicable in the near field in a room.
Discussion
Based on the simulations above, the strategies for hotspot generation in a room can be given. In the near field the TD method is preferable to be applied due to its simplicity for realization, whereas in the far field, the MCG method should be adopted. Since the critical distance is used for separating the near field and far field, it is important to understand the relationship between the critical distance r h and the condition of the room in terms of room size and absorption coefficientα. Using the Sabine's equation, i.e., T ≈ 0.163 V/(S α), Eq. (14) can be rewritten to 
where S is the area of the room. Equation (15) implies that for a given absorption coefficient, the bigger the area of the room, the longer the critical distance will be. Specially, for a cubic room with side-length L, the area S is 6L 2 . Thus
which means that the critical distance is in proportion to the length of the cubic room.
Conclusions
Based on the theoretical analysis and simulation results, the following conclusions can be drawn. Firstly, the merit of the TD method over MCG method is its simplicity. Secondly, the main advantage the MCG method over TD is its higher performance. Thirdly, in free field or a near field in a room, the TD method is preferable to be used due to its simplicity, although the performance may be slightly weaker than the MCG method. Finally, in the far field of room, where the reverberant sound dominates, the TD method is no longer effective, and the MCG method should be used.
